Abstract -This paper reviews our understanding of the mechanisms that enable adult worker honey bees to 
INTRODUCTION
One central feature of many insect societies is an age-related division of labor among the workers, in which individuals perform different tasks at different ages [reviewed by Robinson (1992) ]. Agerelated division of labor is based on a form of behavioral development by workers known as age polyethism. The basic pattern of age polyethism is strikingly similar from species to species (Hölldobler and Wilson, 1990 Winston (1987) , Robinson (1992) and Moritz and Southwick (1992) ]. They spend the first 2-3 weeks of adult life working in the hive and the remaining 1-3 weeks of life mostly as foragers. But honey bee age polyethism is not rigid; rather, bees are extremely sensitive to changes in their environment [reviewed by Robinson (1992) ]. A flexible system of division of labor presumably is very important to colony fitness because a bee colony must develop and produce reproductives despite constant changes in environmental (external and colony) conditions. Colony age structure is one aspect of the environment that changes throughout the year owing to changing individual birth and death rates [reviewed by Moritz and Southwick (1992) (Robinson et al., 1989) , predation on foragers and brood diseases.
Honey bees are able to respond to changing colony needs by altering their typical patterns of age polyethism, another example of the high level coordination among colony members that exists in honey bee colonies in the absence of centralized control (Wilson and Hölldobler, 1988; Seeley, 1995) . This paper reviews our understanding of the mechanisms that enable honey bees to show plasticity in age polyethism in response to changing conditions. We focus on one aspect of age polyethism, the age at onset of foraging. Page (1986) ]. In a 'single-cohort' colony, an experimental unit initially composed of 1 500-2 000 newly eclosed bees, workers of some subfamilies are more likely to become precocious foragers than are workers of other subfamilies (Robinson et al., 1989; Page et al., 1992) . As this colony ages, workers of other subfamilies are more likely to continue as overage nurses, i.e. to care for the brood despite advancing chronological age (Robinson et al., 1989). Giray and Robinson (1994) (Winston and Katz, 1982; Calderone and Page, 1988; Kolmes et al., 1989 (Rutz et al., 1976; Huang et al., 1991 Huang et al., , 1994 , and treatment with JH (Jaycox, 1976) (Sullivan et al., 1996) . These results indicate that JH influences how fast a bee grows up and makes the transition from nest activities to foraging. It is assumed that this occurs by the effects of JH on the central nervous system (Robinson, 1987b; Withers et al., 1995) (Fahrbach and Robinson, 1996 (Winston, 1987 (Rutz et al., 1974; Beetsma and Ten Houten, 1974; Jaycox et al., 1974; Jaycox, 1976; Sasagawa et al., 1989; Huang et al., 1994) . Methoprene treatment similarly induces premature production of the alarm pheromones 2-heptanone and iso-amyl acetate (Robinson, 1985) . In contrast, JH apparently does not influence the timing of wax gland development or comb building behavior in Apis mellifera capensis (Muller and Hepburn, 1994 Robinson and Vargo (1997) ].
Hormones also are well-known as 'environmental transducers', in both invertebrates and vertebrates (e.g. Nijhout, 1994) . Environmentally induced changes in age polyethism apparently occur, at least in part, by affecting the JH system. For example, in single cohort colonies precocious foragers have forager-like (high) JH titers (Robinson et al., 1989; Huang and Robinson, 1992) and overage nurses have nurse-like (low) JH titers (Robinson et al., 1989 (Robinson et al., 1989) . Behavioral reversion, from foraging to nursing, may occur if there are no other nurses in the colony Robinson et al., 1992, and references therein), and reverted nurses show correspondingly lower JH titers Huang and Robinson, 1996) . Similarly, there is a drop in JH titers and rates of biosynthesis in the fall as foraging diminishes and bees become less active (Huang and Robinson, 1995) . This Robinson, 1992, 1996) . There is a strong negative relationship between the amount of old bees in a colony and the proportion of precocious foragers: the more old bees present, the fewer the precocious foragers (Huang and Robinson, 1996) . In a single-cohort colony of young bees, about 5-10 % of the individuals show precocious behavioral development and begin foraging when they are 6-10 days old. But transplanting a group of normal age foragers into such a colony inhibits precocious foraging. Similar results were obtained from colonies with more typical age structures (Huang and Robinson, 1996 (Huang and Robinson, 1996) . These results are consistent with those obtained in laboratory studies in which 1-day-old bees are reared for 7 days either in complete social isolation, in small groups, or in typical colonies (Huang and Robinson, 1992 One difference between this model and other activator-inhibitor models in biology (e.g. Turing, 1952; MacWilliams, 1983) is that the activator is hypothesized to work only 'within' individual bees; it is not spread 'among' individuals. In contrast, the inhibitor is assumed to be spread among individuals. The activator and inhibitor in this model thus do not work at the same level of organization, while in other activator-inhibitor models they do (Meinhardt, 1993) .
No specific worker inhibitor has been identified, but it is clear that social inhibition of age polyethism requires physical contact. We (Huang et (Winston, 1987; Free, 1987; Robinson, 1996 (Winston and Slessor, 1992) , nestmate recognition (Breed et al., 1994) , foraging (Winston, 1987) , and nest defense (Collins et al., 1980) . (Pankiw et al., 1998) . QMP is composed of the fatty acids 9-keto-(E)2-decenoic acid (9-0DA), R-9-hydroxy-(E)2-decenoic acid (R-9-HDA), and S-9-HDA, and two aromatics, methyl Robinson, 1992, 1996;  Giray and Robinson, 1994) . Furthermore, there is no evidence that pheromone production or transmission by queens varies except as a function of colony density (Winston and Slessor, 1992) . It is therefore likely that QMP functions as an auxiliary inhibitor to fine-tune the division of labor in response to changing colony needs. Since workers contact the queen most frequently as nurse bees (Seeley, 1982) , this exposure would serve to prolong their nursing phase, perhaps better matching the size of the nurse force to the number of larvae that need to be cared for.
QMP effects on age polyethism also led to the hypothesis that worker mandibular glands contain an inhibitor of behavioral development. The mandibular glands of workers contain compounds similar to those found in queen mandibular glands, including the predominant worker mandibular acid, 10-hydroxy-(E)2-decenoic acid (10-HDA) (Plettner et al., 1996) . Because QMP is exchanged during food exchange or antennal contact (Naumann et al., 1991) , perhaps the contents of the worker mandibular glands are also; this is relevant because there must be direct social contact between bees for inhibition to occur (Huang et al., in press (Sullivan et al., 1996) . Mechanosensory activation of behavioral development via the 'tremble dance' is suggested by the results of Seeley et al. (1996) . It also is important to study the performance of other tasks in the honey bee age polyethism schedule in the context of the activator-inhibitor model. The activator-inhibitor model will undoubtedly be revised in the future, but at present it provides a heuristic tool to understand the roles of genetics, physiology, colony age demography and labor needs in the control of division of labor. Seeley, 1995; Gordon, 1996 
